ABSTRACT Objective: To quantify the three-dimensional moments and forces produced by pretorqued nickeltitanium (NiTi) rectangular archwires fully engaged in 0.018-and 0.022-inch slots of central incisor and molar edgewise and prescription brackets. Materials and Methods: Ten identical acrylic dental models with retroclined maxillary incisors were fabricated for bonding with various bracket-wire combinations. Edgewise, Roth, and MBT brackets with 0.018-and 0.022-inch slots were bonded in a simulated 2 3 4 clinical scenario. The left central incisor and molar were sectioned and attached to load cells. Correspondingly sized straight and pretorqued NiTi archwires were ligated to the brackets using 0.010-inch ligatures. Each load cell simultaneously measured three force (F x , F y , F z ) and three moment (M x , M y , M z ) components. The faciolingual, mesiodistal, and inciso-occluso/apical axes of the teeth corresponded to the x, y, and z axes of the load cells, respectively. Each wire was removed and retested seven times. Three-way analysis of variance (ANOVA) examined the effects of wire type, wire size, and bracket type on the measured orthodontic load systems. Interactions among the three effects were examined and pair-wise comparisons between significant combinations were performed. Results: The force and moment components on each tooth were quantified according to their local coordinate axes. The three-way ANOVA interaction terms were significant for all force and moment measurements (P , .05), except for F y (P . .05).
INTRODUCTION
To reduce traditional first, second, and third order compensating bends, modern orthodontics utilizes straight wires and prescription brackets. [1] [2] [3] In some malocclusions, it is desirable to have complete expression of the facial crown torque (FCT) in the bracket prescription. However, studies confirm that even with a full-size archwire, there is considerable torsional play within the bracket slot, 2,4,5 thus requiring manually added torque in the wires. 5 To ameliorate this problem, commercial rectangular nickel-titanium (NiTi) archwires with 20u FCT manufactured into the anterior (canine to canine) segment have become available. 6 These pretorqued archwires are designed to increase the FCT without bending in heavier and stiffer stainless steel or beta-titanium wires. Pretorqued wires may be advantageous in decompensating lingually tipped incisors; however, there are no studies on the loads (moments and forces) that they generate.
Traditional edgewise brackets do not contain built-in prescriptions, so studies of maxillary anterior torque with edgewise brackets have involved manually bent torquing arches. 7, 8 Roth and McLaughlin-Bennett-Trevisi (MBT) are two frequently used prescription bracket systems with +12u and +17u of central incisor FCT built into the brackets, respectively. Additionally, studies fail to consider that brackets are available in two slot sizes, 0.018 3 0.025-inch and 0.022 3 0.028-inch. The effects of stainless steel, straight NiTi, and beta-titanium wires on torque expression in self-ligating brackets have been explored. 4, 9 Although the studies utilize prescription brackets and various wire types, they do not evaluate torque in full archwires within prescription brackets. Studies of force systems such as a 2 3 4 setup of two permanent maxillary first molars and four permanent maxillary incisors do not quantify the moments and forces in three-dimensions (3D).
10 3D finite element analysis of incisor torque did not consider the compliance of the bracket and ligatures, 11 which needs to be validated experimentally.
Therefore, there is a need for studies that evaluate the 20u anteriorly pretorqued NiTi archwire in a clinically relevant 3D system. To do so, it is necessary to quantify the three moment and three force components that are generated when the wire is ligated into brackets. 12, 13 Clinical relevance is established with actual dental models, common 0.018-inch and 0.022-inch slot bracket prescriptions, full-sized archwires, and stainless steel ligatures.
MATERIALS AND METHODS
Ten identical stone models were fabricated with retroclined incisors to simulate a mixed dentition case in which a pretorqued NiTi wire would be used (Figure 1) . Edgewise, Roth, and MBT brackets (Apollo series, G&H Wire, Franklin, Ind) in 0.018-inch and 0.022-inch slot sizes were bonded to the four permanent incisors and two permanent first molars in 10 combinations to explore all clinical scenarios and determine the most appropriate approach to express FCT (Table 1) . To ensure uniform placement, an average of the clinical crown sizes was obtained, the brackets were symmetrically applied at the center of this height, and a straight NiTi wire of an arch form similar to the models (Orthoforce G4 nickel-titanium Europa I, G&H Orthodontics) was used to verify alignment. Medium-body polyvinylsiloxane material (Examix NDS, GC America, Tokyo, Japan) was injected over the teeth, followed by an alginate impression. Duplicate brackets were placed in the polyvinylsiloxane and autopolymerizing tooth, and gingiva-colored acrylics (Duralay, Reliance, Worth, Ill and Repair Material, Dentsply, York, Pa) were packed into the impression and allowed to cure. The custom dentoforms were attached to an orthodontic force tester 14 with two screws. The orthodontic force tester utilizes two load cells (Multiaxis force/torque Nano17, ATI Industrial Automation, Apex, NC) to measure the three force and three moment components applied to two target teeth. The force range of each load cell was 0-20 N with a 60.025 N resolution, and the moment range was 0-100 N-mm with a 60.003 N-mm resolution in the three mutually perpendicular axes. The target teeth (left maxillary central incisor and molar) were attached to the load cells with epoxy adhesive (Loctite E-120HP Hysol Epoxy Adhesive, Henkel, Rocky Hill, Conn) and then were completely separated from the acrylic dentoform, thus maintaining their original positions and orientations (Figure 2) .
The rectangular NiTi pretorqued wire (Orthoforce G4 nickel-titanium Europa I, G&H Wire) featured a 34-mm wide, 20u torqued anterior segment connected to two flat 0u posterior segments. The straight rectangular NiTi and the pretorqued NiTi wires were 0.017 3 0.25-inch and 0.021 3 0.025-inch to correspond to the 0.018-inch and 0.022-inch bracket slots, respectively.
The load system was expressed at the center of the bracket, which was defined locally relative to each tooth. The faciolingual, mesiodistal, and inciso-occluso/apical axes of the teeth corresponded to the x, y, and z axes of the load cells, respectively. The transformation of the load system from the load cell to the bracket was accomplished by finding offset distances in the x, y, and z directions between the two coordinate systems as mentioned below:
A pure Fy was applied to the center of the bracket. The force (F x , F y , F z ) and moment (M x , M y , M z ) components along three axes were measured by the load cell. Since the force components were identical and their corresponding axes were parallel between the load cell and the bracket, the offsets in the x and z directions, X offset and Z offset , were calculated as:
Mx Fy
A pure Fx was then applied to the center of the bracket and the six load components were measured. The offset in the y direction, Y offset , was calculated as:
The X offset , Y offset , and Z offset were input into the manufacturer software. The load component measured at the load cell coordinate systems was converted to the coordinate system on the bracket through Jacobian load system transformation. To validate the load transformation, a Fx was applied to the center of the bracket. If the Mz reading was negligible, the Y offset was correct. Then, a Fy was applied to the center. If the Mx and Mz readings were negligible, the other two offsets were correct.
The load cells were initially zeroed. Each wire was manually inserted into the brackets and secured with 0.010-inch ligatures (Figure 2 ). Once secured, the two load cells' simultaneously measured force (F x , F y , F z ) and moment (M x , M y , M z ) components were recorded by a computer. To account for variability, each wire was removed after testing and visually inspected for damage, the orthodontic force tester was zeroed, the wire was reinserted and ligated in the same sequence, and then was retested. In total, this procedure was performed seven times per dentoform.
The sample size of seven observations for each of the 10 treatment combinations was estimated to reach 80% statistical power based on a previous study. 13 This was sufficient to detect differences between any two treatment combinations of 0.7 N for F x , 1.6 N for F y , 0.5 N for F z , 2.9 N-mm for M x , 1.0 N-mm for M y , and 4.1 N-mm for M z , assuming two-sided tests each conducted at a 5% significance level. Three-way analysis of variance (ANOVA) was used to examine the effects of wire type, wire size/bracket slot size, and bracket type on the measurements. Interactions among the three effects were examined, and pair-wise comparisons between treatment combinations were performed when statistically significant. If no interactions were significant, overall comparisons of the three factors were performed.
RESULTS
Local coordinate axes for the forces and moments are shown in Figure 3 . The force and moment components corresponding to the straight and pretorqued NiTi wires for 0.018-inch and 0.022-inch bracket slot sizes are shown in Figures 4 and 5 . The three-way ANOVA interaction terms were significant for all force and moment measurements (P , .05), except for F y . For F y , the wire size/bracket type and wire type/wire size interactions were significant for incisors (P , .0001), and the wire type/bracket type interaction was significant for molars (P 5 .0109).
For both teeth, F x was directed facially, except for the incisor with the 0.018-inch and 0.022-inch edgewise brackets (Figure 4 ). Compared to the straight NiTi counterparts, the F x with pretorqued NiTi wires was significantly higher, except when considering the 0.022-inch molar and incisor edgewise brackets (nonsignificant) and 0.018-inch MBT incisor brackets (straight NiTi was significantly higher). In addition, the Roth prescription with the 0.017 3 0.025-inch pretorqued NiTi wire exhibited a significantly higher F x than either the edgewise or the MBT prescriptions of the central incisor.
Although the three-way interaction was not significant for F y , in general the incisor was directed mesial when a 0.017 3 0.025-inch wire was tied into all three bracket types (Figure 4 ). This is in contrast to the molar, which was directed distal with the 0.017 3 0.025-inch pretorqued NiTi wire in the Roth and MBT bracket types. The 0.021 3 0.025-inch pretorqued wire in the Roth and MBT prescriptions resulted in distal forces on the incisor; however, the large standard deviation needs to be considered. Both sizes of straight NiTi wires resulted in a mesially directed force on the incisor, while the molar demonstrated variable results depending on the bracket type.
The forces in the z direction experienced by the incisor were greater than the molar for both bracket sizes. Both sizes of the pretorqued NiTi wires in the MBT brackets experienced significantly greater F z forces than the Roth and edgewise prescription brackets, with 0.021 3 0.025-inch exhibiting the highest (Figure 4) . 
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torquing moment ( Figure 5 ). Except for the 0.022-inch Roth bracket, there was a significant difference in the incisor FCT between the straight and the pretorqued NiTi for both wire sizes such that the latter generated greater FCT. For both sizes of pretorqued NiTi wires, the incisor FCT was highest (P , .05) with the MBT bracket compared to the Roth and edgewise brackets ( Figure 5 ). Furthermore, there was no significant difference in the FCT between the two wire sizes in the MBT bracket for the central incisor. The molar for both 0.018-inch and 0.022-inch brackets generally experienced small (,1.0 N-mm) M y moments, except for those with pretorqued NiTi wires in the 0.022-inch Roth and 0.022-inch MBT brackets, which experienced larger and variable M y moments.
When a pretorqued wire of either size was tested, both the incisor and molar experienced moments in a mesial out direction, as shown by the positive M z moments in (Figure 5 ). However, with a 0.017 3 0.025-inch straight NiTi wire, the molar received a mesial in moment (2M z ). The 0.021 3 0.025-inch straight NiTi wire caused significantly higher mesial out moments than the pretorqued NiTi wire on the central incisor, except in the edgewise bracket (no difference between the two wires). In contrast, the 0.021 3 0.025-inch pretorqued NiTi wire caused significantly higher mesial out moments than the straight NiTi wire on the molar, except for the insignificant difference in the edgewise bracket.
DISCUSSION
With the evaluation of 20u pretorqued NiTi wire in a 3D clinically relevant load system, this study fills a void in the current literature. These data serve as the baseline for the quantification of two sizes of pretorqued NiTi wires in three bracket systems, and as such, it is difficult to draw direct comparisons with previous studies.
As indicated by the positive F x , there was a significant amount of anterior and posterior facial force with the pretorqued wire in Roth and MBT. Isaacson et al. 7 reported a facial movement when evaluating the torquing arch and thus recommended cinching the wire distal to the molar. Although they used the traditional edgewise system, it may be advisable to cinch the wire distal to the molar if facial movement is not a clinical objective. Additionally, despite efforts to select a wire form (Europa I) which approximated the arch form of the retroclined incisors, there was still a discrepancy between the two. As the flexible NiTi wires were engaged into the brackets, the arch form was distorted from its original shape, particularly in the anterior. This may explain the mesial incisor (2F y ) and distal (+F y ) molar forces and the mesial out (+M z ) moments (Figures 3 through 5) .
The effects of bracket prescriptions are important to consider as well ( Table 2 ). The molar brackets in Roth and MBT prescriptions feature, 8u and 10u mesial out offsets, respectively, thus contributing to the mesial out (+M z ) moments with the pretorqued wire. The MBT prescription elicited a significant distal crown/mesial root (+M x ) incisor moment, particularly with the 0.021 3 0.025-inch pretorqued wire. The 20u of FCT in the wire combined with the 17u built in the MBT prescription may result in a mesial convergence of the incisor roots, referred to by Andrews 15 as the ''wagon wheel'' effect. With regard to FCT (2M y ) moments, there is an advantage to utilizing the MBT prescription with the pretorqued wire, as the amount of FCT was significantly higher than in the Roth and edgewise prescriptions. The 17u of FCT built into the MBT prescription compared to the 8u in Roth was sufficient to cause a significant difference in the amount of torque between the two with the pretorqued wire. There was no difference between wire sizes in the MBT prescription, which allows for practitioners of either bracket slot sizes to accomplish the same objective. Previously reported values on incisor FCT range from 5 to 20 N-mm. 17 However, sources agree that the amount of clinically relevant incisor torque is unknown, 4, 17 especially when considering a flexible NiTi wire. 5, 11 Thus, the amounts of 3.6 and 3.3 N-mm of FCT from this study, although lower Potentially harmful in vivo side effects in the apicalocclusal/incisal directions (F z ) need to be closely monitored and evaluated with the pretorqued wire. Particularly for the incisor with the MBT prescription, the values were unpredictable, ranging from an extrusion of 2.3 N with the 0.021 3 0.025-inch wire to intrusion of 0.7 N with the 0.017 3 0.025-inch wire. For patients with excessive gingival incisor display, a 2 3 4 intrusion arch has been shown effective to intrude incisors. 18 Since the pretorqued wire can possibly deliver extrusion forces, it might not be appropriate to use the pretorqued wire on patients with excessive gingival display. However, further investigations are still needed.
Although the experiment closely replicates a clinical situation, it fails to take into account several clinically relevant factors such as the effect of saliva, intraoral temperature effects, permanent damage to brackets or wires, long-term wire deactivation, variable interbracket distances, freedom of adjacent teeth, and the presence of a vital periodontal ligament. The lack of simulation of the buffering effects on the apparatus structures surrounding teeth might explain the high great variations in some force and moment measurements. Kroczek et al. 15 utilized distilled water and silicon adhesive to simulate saliva and a periodontal ligament, however attributed no clinical significance. Additionally, due to current limitations of the number and size of load cells, the teeth adjacent to the target teeth could not be evaluated. Badawi et al. 19 have shown promise of an orthodontic simulator utilizing 14 simultaneous load cells. Incorporation of these factors would increase the clinical significance of future studies with the pretorqued NiTi wire.
CONCLUSIONS
N The pretorqued nickel-titanium wire in the MBT bracket prescription significantly shows the greatest incisor torquing moment, irrespective of wire size. N Side effects of the wire may need to be monitored closely in vivo.
